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Abstract
The CALICE collaboration develops highly granular calorimeter prototypes to evaluate technologies for experiments at
a future lepton collider. The analogue hadronic calorimeter prototype consists of steel absorber plates interleaved with
38 active plastic scintillator layers which are sub-divided into small tiles. In total 7608 tiles are read out individually
via embedded Silicon Photomultipliers. The prototype is one of the ﬁrst large scale applications of these novel and
very promising miniature photodetectors. Since 2006, the calorimeter has been operated in combined test beam setups
at DESY, CERN and FNAL. The high-resolution 3D image data with analogue energy information are used to study
properties and composition of hadronic showers at a new level of detail. This helps to constrain hadronic shower models
through comparisons with model calculations. The spatial shower development and the substructure of the showers,
compared to a variety of diﬀerent Geant 4 shower models including decompositions into individual shower components
are presented. Aspects of the energy reconstruction of hadronic showers, such as Particle Flow, are discussed.
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1. Introduction
The CALICE collaboration has built highly granular prototypes of electromagnetic and hadronic calorime-
ters optimized for the Particle Flow approach aiming at a jet energy resolution of 3-4% at the International
Linear Collider [1, 2, 3]. The 1m3 Analogue Hadronic Calorimeter (AHCAL) prototype is a 38 layer
scintillator-steel sandwich calorimeter. Each layer is subdivided in scintillator tiles ranging from 3 × 3 cm2
to 12 × 12 cm2. The light produced in the single tiles is collected in wavelength-shifting ﬁbers and readout
by Silicon Photomultipliers (SiPM, cf. [4]). A more detailed description of the AHCAL Prototype can be
found in [5].
The data presented here have been obtained during three months in the test beam campaign in 2007. A
sketch of the setup at the CERN SPS H6 test beam area is shown in Figure 1. Negative pion showers in the
energy range 8-80GeV have been investigated. Broad muon beams provided at the test beam site are used
as an approximation of minimum ionizing particles (MIP) for the calibration and equalization of the single
calorimeter cell’s response. The uncertainty on the calibrated signal in units of MIPs is roughly 3% after
correction for the SiPM non-linearity. More on the performance of the calorimeter can be found in [6, 7].
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Fig. 1. Schematic of the CALICE experimental setup at CERN with electromagnetic and hadronic calorimeter as well as tail catcher
and muon tracker downstream of the calorimeters.
Fig. 2. Ratio between the reconstructed energy sum from simulation and from data for negative pion showers at diﬀerent energies [12].
All physics lists except CHIPS show an energy dependent behavior.
Mokka [8] is a Geant 4 based Monte Carlo (MC) application able to simulate the full ILC detector
geometries as well as the test beam setup. A detailed model of the detector has been implemented in Mokka
version 7.02. Various Geant 4 physics lists exist that combine diﬀerent models at corresponding energies
and partially diﬀer in their predictions. A more detailed discussion of the physics list compositions can be
found in [9, 10]. All events have been simulated with Geant 4.9.3, except for CHIPS for which the patched
version 4.9.3.p01 was used.
2. Energy Scale
The ratio between the reconstructed energy for the simulated and for the real negative pion showers is
shown in ﬁgure 2 at beam energies of 8, 18 and 80GeV. The CHIPS physics list shows an energy independent
overestimation of roughly 8%, while the response of the other physics lists varies. This overestimation is
expected, since the low energy neutron cross-sections are not yet properly implemented in CHIPS [11].
LHEP predicts 9% too low energy deposition at 8 and 18GeV (application of LEP parameterization) and
4% too low energy deposition at 80GeV (HEP parameterization used). While the QGSP BERT physics lists
agrees with data within the uncertainty at the lower energies (Bertini Cascade and LEP), the QGS model
overestimates the energy by 6% at 80GeV. The FTF BIC physics list behaves very similar: it underestimates
the energy by 4% at 8GeV (Binary cascade and FTF), agrees within the uncertainty at 18GeV and gives
4% too high energy deposition at 80GeV (at both higher energies FTF dominates the description of the ﬁrst
hard interaction).
3. Position of the First Hadronic Interaction
Exploiting the highly granular shower images in the AHCAL, the position of the ﬁrst hard interaction of
hadrons in the calorimeter can be determined. The accuracy of the algorithm to determine the position of the
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Fig. 3. (a) Longitudinal proﬁle for a 45GeV π− run relative to the calorimeter front (ﬁlled histogram) and relative to the ﬁrst interaction
(black line). (b) Distribution of the shower starting position in the Geant 4 simulation with the QGSP BERT physics list (ﬁlled
histogram) and in the data (ﬁlled circles) for 45GeV pions. Plots from [12].
ﬁrst hard interaction was studied comparing to the true information from the MC simulations. In about 74%
of the cases the error in the position determination is of ±1 calorimeter layer (≈ 3 cm). The information on
the position of the ﬁrst interaction point can be used to determine the average longitudinal shower proﬁle
relative to this point. In ﬁgure 3(a) the shower proﬁle from the calorimeter front face (ﬁlled) and the one
relative to the ﬁrst interaction point (black line) are shown. The latter thus eliminates the smearing due to
the ﬂuctuations in the interaction point. Using the interaction point results in signiﬁcantly shorter shower
shapes.
From the distribution of the shower starting position one can directly extract the eﬀective nuclear in-
teraction length of pions in the material mix of the AHCAL. This is done by ﬁtting an exponential to the
distribution illustrated in ﬁgure 3(b). The eﬀects introduced by the uncertainty of the algorithm are largest
in the ﬁrst two and the last eight calorimeter layers. These layers are excluded from the ﬁt.
Figure 4 shows the values of the pion interaction length λπint in cm extracted from the data and from the
various physics lists. The statistical error on λπint extracted from the ﬁts is below 1%. The uncertainty of
the algorithm distorts the exponential form of the shower starting point distribution and translates into a
systematic error on the interaction length extracted from the ﬁts. This is dependent on the physics list used
and the beam energy. To estimate the uncertainty on the extracted interaction lengths, the described ﬁt has
been applied using the true ﬁrst interaction layer available in MC. The systematic error is then estimated
from the comparison of the true MC interaction length to the one found using the algorithm. The uncertainty
varies from roughly 5% at 8GeV to less than 1% at 80GeV. In addition, a systematic increase of 4-5 cm is
observed for all physics lists in the λπint obtained using the algorithm with respect to the true MC one. The
same systematic errors are assumed for the data.
The FTF BIC physics list agrees with the data within the uncertainty. One can clearly see the eﬀect of
the transition to LEP in the QGSP BERT physics lists below 25GeV. Above 25GeV, where the QGS model
is applied, the QGSP BERT physics lists agrees with the data. The physics list LHEP gives a signiﬁcantly
smaller value for the interaction length compared to the data and the other physics lists. The CHIPS physics
list gives a higher value for the interaction length than the data. The diﬀerent interaction lengths found
with LHEP and CHIPS are not surprising since both apply diﬀerent cross-sections from QGSP BERT and
FTF BIC.
4. Shower Shapes
Longitudinal proﬁles relative to the position of the ﬁrst hard interaction are shown in ﬁgure 5 for negative
25GeV pions in the AHCAL. The data are compared to simulation performed with the FTF BIC (a) and the
QGSP BERT (b) physics lists. The data are displayed as black points on top of the ﬁlled histograms from
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Fig. 4. Extracted values for the interaction length in cm from data and MC models [12].
(a) (b)
Fig. 5. Longitudinal proﬁles relative to the ﬁrst interaction for negative 25GeV pions in the AHCAL simulated with the FTF BIC (a)
and the QGSP BERT (b) physics lists. The data are displayed as black points on top of the ﬁlled simulated histograms. In addition
the longitudinal proﬁles only for the e±, protons and mesons in the simulated hadronic cascades are plotted. The error bars include
only the statistical uncertainty and the eﬀect due to the uncertainty of the algorithm used to determine the shower start. The calibration
uncertainty of ≈3% is not shown. Plots from [12].
simulation. The breakdown of the energy contribution from various particles in the shower (e±,p, π±, μ±) is
shown. This additional information helps to discuss which physics process contributes most in which phase
of the shower development.
In the proﬁle simulated with FTF BIC more energy is deposited in the ﬁrst layer by protons and mesons
than by electrons and positrons. QGSP BERT predicts more energy deposition by electrons and positrons
in the ﬁrst layers as well as in the shower maximum. This leads to an overestimation of the energy in
the shower maximum by QGSP BERT. For FTF BIC this electromagnetic contribution in the maximum is
lower and the data are well reproduced. Both physics lists predict too short showers.
The centre of gravity in longitudinal direction < z> is calculated as the energy weighted mean longitu-
dinal position of the energy deposits. It is shown in ﬁgure 6(a) as the ratio between simulations and data.
The CHIPS simulation predicts the centre of gravity to be 10% later than in data at 8 and 10GeV. It comes
closer to the data with increasing energy and agrees within 1% at 80GeV. At energies from 8 to 20GeV,
in the QGSP FTFP BERT, the FTFP BERT and the FTF BIC physics lists, the FTF model is dominant in
the ﬁrst interaction. All three make similar predictions and underestimate the data by 4-7%. Up to 20GeV,
the QGSP BERT physics list performs best and describes data within 2%. Above 20GeV, the diﬀerence
between the string models becomes distinct: the QGS model estimates < z> before the data by ≈ 8%, the
FTF model by ≈ 6%.
The ratio of the energy weighted mean shower radius <r> between simulations and data is shown in
ﬁgure 6(b). All of the physics lists underestimate the shower width at all energies, typically by around 10%.
The CHIPS model is closest to data for energies above 20GeV, where it diﬀers only by 2%.
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Fig. 6. Ratio between simulation and data for the mean depth (a) and the mean radius (b)of showers caused by negative pions.
5. Track Segments
The high granularity of the AHCAL provides the capability for the identiﬁcation of track segments
from secondary hadrons produced within hadron showers. A simple tracking algorithm has been developed
that is able to ﬁnd tracks created by minimum ionizing particles in the cascade. The algorithm relies on
isolated hits and works on a layer-by-layer basis. During the test beam data acquisition the pions impinged
parallel to the calorimeter z-axis. The algorithm intrinsically limits the angle θ between the z-axis and the
tracks reconstructed. For tracks in the 3 × 3cm2 tiles the limit is θ3×3 ≤ 58◦. For the bigger tiles it is
correspondingly θ6×6 ≤ 72◦ and θ12×12 ≤ 81◦. The fake track rate of the algorithm is on the negligible level
of few per mille.
Figure 7(a) shows a typical hadronic shower in the AHCAL. Here, minimum ionizing track segments,
both of the incoming 20GeV pion and of secondary particles are identiﬁed and highlighted in the image.
The track multiplicity is inﬂuenced by the shower topology and especially by the number of secondaries
created. The average track multiplicity is shown as a function of the beam energy for data and various
simulations in ﬁgure 7(b). One can clearly see that LHEP predicts a much too low average track multiplicity
at all energies. The physics list closest to the data in this ﬁgure is QGSP BERT. The energy deposited in
tracks found with this algorithm is corrected for angle dependence and has also been successfully used in
calibration studies. The study on the track segments is discussed in detail in [13].
6. PandoraPFA Performance
The capability of a Particle Flow algorithm (PFA) to recover neutral hadron energy in the vicinity of a
charged hadron is of crucial importance because mis–assignment of energy would degrade the jet energy
resolution. This is commonly known to as confusion. A ﬁrst experimental test of the PFA concept has been
performed using data recorded in the AHCAL prototype [14]. Pairs of overlaid pion showers have been
reconstructed by the PandoraPFA program [3]. As only charged hadrons were provided at the test beam site,
a neutral hadron next to a charged pion has been emulated by selecting two charged pion events. In one of
the events, all hits up to the identiﬁed primary interaction have been removed leaving an imitated neutral
hadron shower. One imitated neutral and a charged test beam event have been overlaid and mapped to the
ILD detector geometry.
In order to investigate the impact of the two overlapping hadron showers on the jet energy resolution,
the dependence of the confusion error on the distance between a neutral 10GeV hadron and a charged pion
has been derived. For the charged pion, energies of 10 and 30GeV have been investigated. The diﬀerence
between the recovered neutral hadron energy by the PandoraPFA program and the measured energy is shown
in ﬁgure 8 for distances of 5 and 30 cm between the two showers.
These distributions can be interpreted in terms of the confusion introduced by the pattern recognition.
The maximum confusion takes place between a high energy charged hadron and a low energy neutral hadron,
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Fig. 7. (a) Event display of a hadronic shower caused by 25GeV negative pions. (b) Average track multiplicities at diﬀerent energies
for data and simulation with several physics lists.
cf. ﬁgure 8(c). The confusion is particularly large for events in which, due to intrinsic shower ﬂuctuations,
the diﬀerence between the measured charged hadron energy and the beam energy is comparable with the
neutral hadron energy. This results in a peak around -7GeV for a 30GeV charged and a 10GeV neutral
hadron. At large distances this confusion largely vanishes, see ﬁgure 8(d). For a 10GeV charged hadron,
the neutral hadron energy reconstruction is considerably better - cf. ﬁgures 8(a) and 8(b).
The mean diﬀerence between the recovered energy by PandoraPFA and the measured energy as a func-
tion of the distance is shown in ﬁgure 8(e). At small distances between particles where shower overlap is
considerable, the mean energy of the neutral hadron recovered by PandoraPFA is typically lower than the
corresponding energy measured in the calorimeter prototype. As the overlap depends on the shower radius,
the performance of the algorithm is better for the 10GeV charged pions where the showers are narrower.
In ﬁgure 8, the test beam data results are compared with Geant 4 simulations using the QGSP BERT
and the LHEP physics lists. For the 10GeV charged pion, the performance of LHEP and QGSP BERT is
comparable, while for the 30GeV charged pion the diﬀerences between the two become more distinct. The
reason for the better performance of the algorithm on simulations done with LHEP is the narrower showers
generates by this physics list. The QGSP BERT physics lists simulates broader showers and is slightly
closer to data, especially at larger shower distances.
7. Summary and Conclusion
The CALICE collaboration successfully built and commissioned a ﬁnely granulated hadron calorimeter.
In 2007, high resolution pion shower data in the energy range 8-80GeV have been recorded. This allows
in-depth studies of hadronic shower properties and validation of Monte Carlo models on an unprecedented
level. With this imaging calorimeter it is possible to measure the track multiplicity, to investigate highly
granular shower proﬁles and to determine the position of the ﬁrst hard interaction.
The PandoraPFA program has been evaluated for the ﬁrst time with data recorded in the AHCAL pro-
totype. In general, the results for simulated particles and for beam data are in good agreement and thus
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Fig. 8. (a)-(d) Diﬀerence between the recovered energy and the measured energy for the 10GeV neutral hadron at 5 cm (left) and
at 30 cm (right) from the 10GeV (ﬁrst row) and 30GeV (second row) charged hadrons. (e) Mean diﬀerence between the recovered
energy and the measured energy for the 10GeV neutral hadron vs. the distance from the 10GeV (continuous line) charged hadron and
the 30GeV (dashed line) charged hadron. Data (black markers) is compared to Geant 4 predictions for LHEP (red) and QGSP BERT
(green) physics lists.
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provide support for previous simulation studies of the power of Particle Flow Calorimetry at a future lepton
collider.
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